Due to flexibility of thin plates, high amplitude vibrations are observed when they are subjected to severe dynamic loads. Due to the extensive application of circular plates in industry, attenuating the undesired vibrations is of foremost importance. In this paper, adaptable vibration suppressors (AVSs) as a semi-active control approach, are utilized to suppress the vibrations in a free circular plate; under the concentrative harmonic excitation. Using mode summation method, mathematical model of the hybrid system, including the plate and an arbitrary number of vibration suppressors is analyzed. By developing a complex multiple-loops algorithm, optimum values for the AVSs' parameters (stiffness and position) are achieved such that the plate deflection is comprehensively minimized. According to the results, AVSs act efficiently in suppressing the vibrations in resonance/non-resonance conditions. It is also observed that optimum AVSs reduce the plate deflection over a broad spectrum of excitation frequencies.
Introduction
In recent years, continuous circular plates have been extensively used in complex engineering structures. Manufacturing processes, aeronautics, marine structures, pressure vessels, rocket launching pads and instrument mounting bases for space vehicles are some of the instances in which these plates are used [1] . In most of these structures, the plates are subjected to severe dynamic loadings which induce large vibration amplitudes due to their flexibility.
Although the dynamics of the circular plates are described through complex governing equations, vibration analysis induced by conservative and non-conservative loads have been widely studied. Following the attempts to find the natural frequencies of circular plates, Minkarah and Hoppmann [2] obtained series solutions for simply supported and clamped circular plates. Narita [3] utilized the Rayleigh-Ritz method to derive the power series of the vibration equations; while Kang et al. [4] obtained approximate closed form solutions for free vibrations of circular plates. Exact solutions for free vibrations of circular plates with various boundary conditions including free, clamped and simply supports are presented by Leissa [5, 6] . In the early works, several researches were carried out to study the axisymmetric vibration of circular plates. For instance, Yamaki [7] , Kung and Pao [8] analyzed the one mode vibration with various boundary conditions while they neglected damping effects. Moreover, and in regard to the rotating circular discs, Tobias, Arnold and Williams [9, 10, 11] took the asymmetric modes into account. Recently, Shi et al. proposed a unified approach for vibration analysis of circular plates under arbitrary boundary conditions [12] .
In parallel with the free vibrations of circular plates, their forced response behavior was also studied. A thorough research was accomplished by Sridhar et al. [13] who obtained the forced response of a clamped circular plate considering the effects of damping. With the introduction of computer methods, new studies were performed. Combining the finite element method (FEM) and harmonics balance approach, Ribeiro and Petyt [14, 15] conducted numerical research with computer simulations. Wu et al. analyzed static and free vibration of plates using hybrid smoothed FEM [16] . Later, effects of harmonic excitations were studied in several works. For instance, Haterbouch and Benamer [17, 18] executed some investigations on the harmonic non-linear vibrations of circular plates. Recently, Liou [19] studied the effect of time-dependent excitation on circular plate numerically.
Non-conservative loads induce two main instabilities in plates: divergence and flutter. Through monitoring dynamic system vibrations, the flutter type of instability can be detected. As it is well-known, under resonance conditions, large vibration amplitudes are observed. Consequently, the plate is vulnerable to fatigue or fractures in severe dynamic loading cases. Moreover, the necessity of using thin plates in reducing the mass to its maximum extent, increases the flexibility of the plates. In order to suppress the high-amplitude vibrations, methods to control and attenuate the harmful vibrations are required.
Many passive and active control approaches have been used to suppress large vibration amplitudes of circular plates. Kerlin [20] analyzed the effect of a plate-like dynamic vibration absorber. Initially, this type of absorber was introduced by Snowden [21] . Kirk and Leissa [22] examined how a concentric ring-stiffener affects the lowest vibration frequencies of a circular plate and tried to find the best position to place the absorber. Azimi [23] presented a way to attenuate the vibrations using an elastic point support on the plate. Kunukkasseril and Swamidas [24] investigated the free vibrations of isotropic and orthotropic plates supported by finite number of elastic or rigid concentric rings. Avalos et al. [25] found the approximate solution of the vibrations of a circular plate carrying an elastically mounted mass by using the optimized Rayleigh-Ritz method.
Among the active methods for controlling the vibrations, some works have appeared to work efficiently. Ray and Shivakumar [26] tested the method of using active constrained layer damping (ACLD), to suppress the vibrations in thin plates. Vidoli and Dell'Isola [27] implemented electrically-interconnected piezoelectric actuators to attenuate the vibrations while Caruso et al. [28] placed couples of piezoelectric patches, used as sensors and actuators to attenuate the oscillations. Shang-Teh et al. [29] incorporated a linear motor to control the vibrations. Qiu et al. [30] analyzed the effect of piezoelectric ceramics patches as sensors and actuators to suppress the vibration of the smart flexible clamped plate. In Hu's [31] work active robust vibration control method was tested via experimental implementation to reduce the vibrations in circular structures. Wiciak [32] did also make use of piezoelectric actuators for active vibration suppression and analyzed the results numerically. In a recent study, Khorshidi et al. [33] applied an active control method to attenuate the transverse vibration of plates under harmonic loads. Several efforts have been carried out in attenuating the vibrations by utilizing smart materials. Among these works, application of adaptive synchronized switch damping on voltage on composite beams [34] and semi-passive piezoelectric-based control with synchronized switch damping method [35] are of foremost importance.
Although various passive/active control methods have been implemented, there are still some deficiencies. The passive control methods may not be able to suppress vibrations over a broad spectrum of excitation frequencies. This is because with a low number of suppressors, it is not possible to suppress complex mode shapes of the plate. Although active control methods have been designed for a wide range of frequencies, few works investigated their use in circular plates. According to the literature, active methods were essentially applied on rectangular plates. Furthermore, the active methods usually require expensive mechanisms to work effectively on thin plates. Finally, it should be noticed that in the majority of previous researches, passive absorbers or actuators were fixed in specific positions. In the presence of complex mode shapes of circular plates, this limitation is regarded as a hindrance in suppressing the vibrations.
Attenuating the vibrations in plates that are subject to harmonic loads, can broaden the applications of circular plates in industry, dramatically. Since adaptable vibration suppressors (AVS's) can strengthen the circular plates' resistance to a broad range of excitation frequencies, circular shaped structures that are comparatively easy to manufacture, can incorporate large fatigue-resistant or fracture-resistant plates. Marine vehicles, circular tanks or pipes where the fluid is in dynamic motion, and vibrant-instrument mounting bases, are some of the frameworks that can be established using circular-shaped plates.
In this paper, optimized adaptable vibration suppressors (AVS's) are designed to suppress the vibrations in the circular plate that are caused by harmonic excitation of the center point. Asmari et al. [36] showed that implementing tunable vibration absorbers can reduce the undesired oscillations in transmission line as a continuous system over a wide range of excitation frequencies. Asmari et al. investigated for the stiffness and position of absorbers on a onedimensional space, while in the present work the problem is extended to 2-dimensional space. This adds to the complexity of the proposed algorithm while the distribution of the natural frequencies is different in a circular plate compared to the transmission line which is modelled as a 1-dimensional string. In the presented semi-active control method, an iterative multiple-loop optimization algorithm is established and utilized to determine the optimum number of AVSs and best values of their parameters (stiffness and locus) such that the circular plate deflection is minimized. By analyzing the problem in the time/frequency domains, an efficient lookup diagram for AVSs' design is developed for a broad range of excitation frequencies. It is shown that implementing passive vibration suppressors that are placed on the structure based on an active design process, can act efficiently in reducing the oscillations. Implementing the lookup diagram with adaptive-stiffness suppressors and displacing the suppressors based on the external excitation, provides the means for a semi-active vibration control of the structure.
Modeling the combined dynamical system of circular plate and finite number of adaptable vibration suppressors
The model of the circular plate under a harmonic excitation force is presented; as shown in Fig. 1 . The plate is modeled as a continuous system with infinite number of elements. In a given domain, general equation of motion for the plate is described as [37] :
in which  is a point in the domain, ( , ) wt  is the deflection of that point at time t , L is a stiffness differential operator with linear homogenous self-adjoint characteristics, () 
The normal mode shapes in a circular domain given by 0 rR  , are found based on the differential equation [ (8) in which 0 () Ft is the force acting on the plate. A finite number of suppressors are placed on the plate; name this number P . Each suppressor is constituted of mass-spring-damper elements. In the presence of suppressors, Eq. (5) is rewritten as:
represents each suppressor located at ( , ) pp r  and 0 p  represents the harmonic force located at 0 0 ( , ) r  . The set of forces exerted by the suppressors can be expressed as:
where, ,, p p p k c u are the suppressor's stiffness, damper and displacement, respectively. Substituting Eq. (10) in Eq. (9); the following equation is obtained:
In this context, m , n are the first and second indices of the mode shapes where 0,1, 2,..., mM  , 1, 2,..., nN  . Eq. (11) can be rewritten ( 1) MN  times for all the mode shapes taken into account. In addition to this set of equations used for the plate, the following equation describes the dynamics of each suppressor:
Based on Eqs. (11) and (12), for the ( 1) MN  plate modes and P number of suppressors,
equations and corresponding number of unknowns. The harmonic excitation force is considered at the center of plate as (
in which F and  are the amplitude and frequency of the external force, respectively. Although the excitation is considered to be constituted of just one frequency, the proposed design procedure can be extended to a spectrum of frequencies. Using the method of superposition, the effect of a wide-ranging spectrum can be included. In the case of harmonic forced excitation, the amplitude of coordinates mn  and suppressors' displacement 
Substituting Eqs. (13) and (14) into Eqs. (11) and (12), performing some mathematical simplifications and rearrangements, yields: 
Devising a complex algorithm with iterative optimization
A complex optimization algorithm containing several simultaneous sub-algorithms is developed in the MATLAB environment for the hybrid system of circular plate and the AVSs. The frequency of wind excitation is changing over a wide range, while the physical characteristics of the plate and the suppressors' mass value are kept fixed. Vibration suppressors are added to the system one by one and when an AVS is added, its physical characteristics and position are found such that the plate deflection is minimized. The physical parameters and locus of each suppressor is found through a simultaneous search over the possible values. After finding the optimum configuration for the suppressor (i.e. its physical parameters and locus), it is included in the system as a fixed AVS and a similar search procedure begins for the next AVS.
The method for finding the best stiffness and position for each suppressor consists of three major algorithms which are activated concurrently (as shown in Fig. 2 via dashed box) . In each step, the stiffness and position of the suppressor is changed and the plate's deflection is obtained and compared with the case of no suppressor. The root mean square (RMS) of plate deflection (at a finite number of points over the plate) is utilized as a comparison criterion for the purpose of optimized design. At each optimization step, the reduction indicator (  ) is calculated as:
which represents the RMS value of plate deflection without suppressors with respect to the case of using suppressors. In this formulation, r D and D  are the number of interval divisions over the radius and angular position of the circular surface, respectively. The maximum value of reduction indicator max  and the corresponding values of stiffness and position represent the optimum configuration for the suppressor.
The general procedure of the algorithm is presented in Fig. 2 . Each new suppressor is first placed at the center point with an initial stiffness equal to the suppressor's mass, times the square of the excitation frequency,  (i.e. 2 initial km  ). With the stiffness fixed, the best position for the suppressor is found. Fixing the suppressor in that position, a search for finding the optimal stiffness value is carried out. For the second time, the stiffness is fixed and a second search for the best position is conducted. The algorithm for finding the best value of stiffness and best locus will be discussed next. Through these three steps, the optimum framework for the suppressors which corresponds to the maximum possible value of reduction indicator, is determined.
Step 1:
To find the optimal locus of the suppressors, each new suppressor is placed at the center point initially. The suppressor is placed in 100 separate points which are the intersection of 10 equally spaced circles and 10 equally spaced diametric lines (as shown in Fig. 3 by "Search Domain"). The point corresponding to the maximum value of reduction indicator is found and used for the rest of the search procedure. The method used to determine the optimal locus of the suppressors is presented in Fig. 3 .
Step 2:
In the next step, the suppressor is fixed in the best position and a "rough search" over the optimum value of stiffness begins. The suppressor's stiffness is increased gradually from zero to a value that covers the considered highest natural frequency of the plate. The stiffness corresponding to the highest value of reduction indicator represents the approximate value of optimal stiffness. A second and more precise search, called "fine search", is conducted to find the exact value of optimal stiffness. In comparison with "rough search", here the search for stiffness value k is performed with a much smaller resolution. The procedure used to determine the optimum values of suppressor's stiffness through rough/fine searches is presented in Fig. 4 .
Step 3:
Finding the best value of stiffness, a second procedure similar to the initial one is conducted to reassure that the first found positions represent the optimal positions. As soon as the optimum locus and stiffness of a suppressor are found, the suppressor is set on the system with the optimum configurations, and the search begins for optimizing the next suppressor. This procedure is repeated until the reduction indicator of the hybrid system reaches a desired value, called desired  . This desired value is selected such that an acceptable large reduction is obtained while the number of suppressors are kept low as many as possible (to prevent complex design). This compromised selection of desired  is explained more in next results.
Simulations for the process optimization (results and discussion)

Physical characteristics of the plate
In this paper, an Aluminum circular plate is considered. As already discussed, the harmonic excitation is applied at the center point with a uniform amplitude of 1 F kN  and initial frequency of 20 3.18Hz rad s    (this is the initial value of excitation frequency, which can be varied as presented next). Also, next results can be presented in a similar way for other values of force amplitude and location.
The devised algorithm for determining the optimal configuration of adaptable vibration suppressors (AVSs) is established in a general user-friendly program that addresses the needs of the user. In order to simplify the proposed relations of the previous section, some model parameters are set constant while the other properties are varied in a wide spectrum. Among them, plate radius ( 4 Rm  ), mass per unit area ( Table 1 . First seven mode shapes of the plate are represented in Fig. 5 , while its natural frequencies are given in Table 2 .
Design of optimal AVSs and their effect in attenuating undesirable vibrations
The algorithm that was discussed in section 3 is utilized for finding the optimal configuration of adaptable vibration suppressors (AVSs) that are mounted on the circular plate in 5 different states of resonance and non-resonance excitations. In the resonance cases, the excitation frequency approaches one of the natural frequencies of the plate (   21  0 2  12  2 2 , , ,
). These are the first 4 natural frequencies that are sorted by magnitude.
Moreover, one arbitrary excitation frequency that is located between the first and second natural frequencies is selected as a non-resonance case (
The results corresponding to this non-resonance case are presented while similar results can be derived for other non-resonance excitations.
Optimum number of AVSs to place on the plat e
Placing the suppressors on the plate, follows a step-by-step procedure in which a new suppressor is placed on the system such that it minimizes the RMS value of deflection. To investigate the effect of adding suppressors, their number is varied gradually from 1 to 30 (i.e. max 1, 2,...,30 , 30 pP  ). At each iteration of adding a new suppressor, the reduction indicator (  ) is found. This procedure is repeated for various resonance/non-resonance conditions, as shown in Fig. 6 . It should be noticed that, to present a continuous plot in Fig. 6 and similar next plots, a linear interpolation is used for the  variation versus the number of AVSs. As it is observed and expected, introducing more suppressors to the system increases the reduction indicator value. Also, high reduction values are observed for various cases of resonance/nonresonance conditions.
Based on these results, a specific number of suppressors to place on the system is chosen and used for the rest of the studies. Comparing the plots in Fig. 6 reveals that using five AVSs ( 5 P  ) on the system can result in a reasonably high value of reduction indicator. On the other hand, with 5 P  , a relatively low number of suppressors are used which makes the design more practical in industry (in comparison with e.g. 10 P  or higher P ). Values of reduction indicator based on the number of suppressors placed on the system, for the first five attached AVSs, under various excitations, are presented in Table 3 .
The effect of using identical AVSs on vibration suppression
To achieve a simple design, identical suppressors can be used. In the previously demonstrated algorithm, each AVS has its specific stiffness and position. In this section, definite number of similar AVSs are placed on the plate, while the search on the best positions is already conducted. The used stiffness value is equal to the arithmetic mean of the AVSs' stiffness found in section 4.2.1. For instance, this procedure is carried out for two cases of 5 and 30 AVSs'. 
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 is obtained, where each suppressor had its own optimum value of stiffness. Therefore, using the identical AVSs may lead to smaller amounts of reductions.
The effect of optimized AVSs on time responses and plate deflection
As already discussed, using five suppressors leads to the large values of reduction indicator while the system design is kept simple (simple; in comparison with high number of AVSs). Therefore, in next simulation results, it is assumed that 5-AVSs are implemented. Using the proposed optimization algorithm, optimum values of the AVSs' position and stiffness for different resonance and non-resonance cases are found; as detailed in Table 4 and presented graphically in Fig. 9 .
In order to analyze the impact of the vibration suppressors on the time response of the plate, the point that experiences the maximum oscillation amplitude is found for various cases including two states of with suppressors and without suppressors. The point corresponding to maximum amplitude is named 'max-point'. Time history of 'max-point' for various resonance/non-resonance conditions, with/without optimum AVSs, is shown in Fig. 10 . Time response is presented for the time domain, 5 (2 ) 0 t    . As it is observed, AVSs act effectively in attenuating the plate vibrations, especially under resonance conditions.
Considering the previously found results in Fig. 10 (left column) , the critical time corresponding to maximum deflection of 'max-point' in the case of no suppressors is found for each condition and named, * t . Figure 11 shows the deflection of the plate at this critical time ( * t ) with/without optimum AVSs. According to Fig. 11 and under resonance/non-resonance conditions, implementation of AVSs. leads to the attenuation of plate deflection.
Examination of the efficiency of optimum AVSs via frequency response analysis
To study the effectiveness of AVSs design for an extensive range of excitation frequencies, harmonic excitation frequency is assumed to be varied as 250 0 rad s    ; such that it covers the first seven natural frequencies of the plate. Figure 12 shows the reduction indicator value,  (RMS value of plate deflection without suppressor with respect to the case with optimum AVSs) for a broad spectrum of excitation frequencies. It should be noticed that in each plot of Fig. 12 , a set of optimum suppressors, designed for each case of resonance and non-resonance conditions are used. For instance, the set of optimum AVSs designed for the first resonance condition (i.e., 5-AVSs with specifications given in Table 4 , with 21 
 
) is used for the range of 250 0 rad s    ; and its corresponding reduction indicator  is shown in Fig. 12a .
According to Fig. 12 , large reductions can be obtained over an extensive range of excitation frequencies in the presence of optimum AVSs. Also, it is observed that vibration suppression is most evident in the vicinity of excitation frequencies that correspond to the resonance cases. For instance, in Fig. 12a where the utilized AVSs are designed for 21   , maximum reduction is portrayed around 21 14.35 rad s    . Due to the probability of observing high amplitude oscillations in the central area of the plate, vibration of the central point at which the excitation force is applied, must be analyzed (this point is named 'midpoint'). With an analogy similar to the Fig. 12 , midpoint deflection is presented in Fig. 13 , for a wide range of excitation frequencies with/without optimum AVSs. According to Fig. 13 , using optimum AVSs guarantees the suppression of plate vibrations in the midpoint (where it is more susceptible to the external force).
Advancement of a customized lookup diagram for optimal design of AVSs' physical parameters over a broad spectrum of excitation frequencies
In this section, the complex algorithm that was devised in previous sections is utilized to design AVSs for different harmonic excitations. For this purpose, global optimization procedure of section 3 is extended for an extensive spectrum of excitation frequencies. A set of five identical suppressors are attached to the plate at fixed positions that were found in section 4. ) and at each frequency, the optimum stiffness for the set of AVSs is found through two sequential search loops. Figure 14 represents the optimum values of stiffness (for identical 5-suppressors) on a broad spectrum of excitation frequencies. Figure 15 shows the reduction indicator corresponding to the set of suppressors with the stiffness values of Fig. 14. It can be perceived that in the frequency spectrum which contains the first 7 natural frequencies of the circular plate, in this system 200 0 rad s    , the optimum value for the AVSs' stiffness is related to the frequency of excitation through a parabolic function. The reason is that the AVS's stiffness must be set by the relation 2 km  , which results in the most effective suppression of vibrations. Moreover, by analyzing the presented results of Fig. 14, it can be concluded that for frequencies higher than 200 rad s  , the predictions are not valid anymore because the analysis is confined to the first 7 natural frequencies of the hybrid system. Figure 14 can be used as a look-up diagram where we intend to utilize identical suppressors (with similar mass/stiffness) on plate-shaped foundations in industry.
Mounting the vibration suppressors based on the proposed algorithm and implementing them in an actual framework is however restricted to the technical issues. While it is costly or in some cases impossible to provide very high stiffness absorbers in the framework, it is noteworthy to consider the frequency of the excitations that are applied to the plate. The results of this section showed that the stiffness is proportional to the frequency of external load. The design is performed for extreme cases of high frequency loads while the probability of confronting such conditions is relatively low. It can be concluded that designed configurations of AVS's can be utilized for various cases of low and high frequencies, while the cost of employing them depends on the loads that are experienced in each case.
As already mentioned, in Figs. 14 and 15 , a set of five identical suppressors are attached to the plate at fixed positions that were found in section 4.2.3. These fixed positions are determined for various resonance Consequently, regarding the valid region of Fig. 15 , we observe large reduction values for excitation frequencies 22 100 rad s    .
Further discussions on possible validity of the proposed approach in an experimental setup
In the previous sections the mathematical modeling of the system, development of the optimization algorithm, and the effects of implementing the designed AVSs on the circular plate were fully discussed. The simulations that were conducted for examining the effectiveness of the suppressors, demonstrated that the undesired vibrations can be eliminated by the application of tuned vibration suppressors. However, the simplifications in carrying out the dynamic equations and the inherent uncertainties of the dynamic system instigate the idea that an experimental test on the defined system will not necessarily lead to the simulation data. Therefore, an experimental test can reliably determine the effectiveness of the proposed method in suppressing the vibrations.
Moreover, preparing a test body consisting of the circular plate with the given dimensions and a frequency variant force is costly in an academic scale. In this regard, some solutions are provided to lay the groundwork for studying the influence of AVSs in various ranges of excitation frequencies. A reliable test approach, should address the problems associated with preparing the circular plate, applying the external force, mounting the vibration suppressors, and measuring the vibration amplitudes. Although manufacturing and establishing a base for a plate as big as 8 meters in diameter is difficult in an academic laboratory, reducing the size of the circular plate to smaller sizes will lead to results that are in correspondence with the full-sized plate. The central harmonic force can be applied using a vibratory shaker placed at the center point of the plate and simple mass and spring structures can be utilized as vibrations suppressors. One important aspect of an experimental test is a reliable method for measuring the vibration amplitudes. Regarding this issue, laser sensors can be utilized to detect the differences in vibration suppression (with a similar mechanism as implemented in some previous researches such as [38] ).
Conclusions
In this research, adaptable vibration suppressors (AVSs) are designed in an optimized approach to absorb the undesired vibrations in a circular plate that is subject to a central dynamic force. A circular plate with a finite number of vibration suppressors and a centric harmonic force is considered in this regard. The mode summation method is utilized to derive the mathematical governing equations of the system. AVSs' mass, stiffness, and positon are tuned such that the plate deflection is minimized all over the plate. In this regard, a comparison parameter which shows the root mean square (RMS) value of the plate deflection after and before applying suppressors, is defined as reduction indicator (  ).
To fulfill the optimization, a complex algorithm consisting of several iterative loops is developed in the MATLAB environment in which suppressors with the most efficient configuration (i.e., stiffness and position) are added to the system individually. Three search loops are activated subsequently to find the best stiffness value and the best position for placing suppressor. The optimization procedure is conducted for a broad spectrum of excitation frequencies including both lower and higher natural frequencies of the plate. The results are presented for five resonance/non-resonance cases and analyzed in time and frequency domains.
It should be mentioned that the proposed design algorithm is based on the physical parameters and boundary conditions of the plate as well as the excitation forces applied to it. Hence, the data achieved on the position and stiffness of the absorbers highly depends on the structure and the excitations. In cases where the structure is under the effect of dynamic loads with various frequencies, the suppressors can be displaced to attenuate the vibrations at their maximum extent. Moreover, implementing smart materials in the absorbers provides the means for variable-stiffness absorbers. In other words, implementing passive vibration suppressors that can be displaced or stiffness-tuned enables a semi-active control of the circular plate that is under external excitation. The vibration attenuating mechanism is adaptive to the changes in the external load characteristics.
According to the results, using optimum AVSs reduce the plate deflection to considerably low values compared to the case without suppressors. In order to make a simpler and more convenient design, low number of optimal suppressors with identical stiffness can also act effectively in attenuating the high amplitude vibrations in resonance/non-resonance conditions. Moreover, according to the frequency response of the hybrid system, it is observed that AVSs guarantee the vibration suppression over an extensive range of excitation frequencies.
Finally, optimum values of suppressors' stiffness are presented in a look-up diagram for an extensive range of frequencies. Since the algorithm is developed in a general convenient manner, AVS design can be accomplished for other shapes of the plates with different physical features and various boundary conditions. Using the proposed AVSs design, as a semi-active control approach, leads to the great advantages of intuitive clarity, simple design, reduction in hardware and development cost. Table 4 ). Table 4 ). 
